pertaining to how viral infections may either increase or decrease the subsequent risk of asthma will be discussed. Finally, the potential uses of antiviral and anti-inflammatory medicines for the prevention and treatment of asthma will be considered.
Asthma pathogenesis
Asthma is a disease characterized by chronic airway inflammation and a heightened responsiveness of the airways to irritants and, in most cases, allergens 3 (FIG. 1) . The chronic inflammation in asthma is a pleiotropic picture that usually includes an increase in the number of activated T cells, which predominantly secrete T helper (T H ) 2-like cytokines such as interleukin 4 (IL-4), IL-5 and IL-13. This pattern of cytokine secretion, together with the secretion of epithelial-derived chemokines such as eotaxin (CCL11) and RANTES (regulated on activation, normal T cells expressed and secreted; CCL5), promotes the recruitment and activation of eosinophils and mast cells, which contribute to chronic airway inflammation and hyperresponsiveness of the airway to a variety of nonspecific stimuli. These factors, together with chronic structural changes to the airway and increased production of mucus by goblet cells, increase the risk of intermittent episodes of acute obstruction of airflow through the small airways of the lung in response to irritants (such as tobacco, smoke and air pollution), allergens and acute viral infections.
The pattern of inflammation with viral infections and its effect on asthma appears to be distinct from that associated with allergen activation. Exposure to allergens causes airway eosinophilia, whereas viral infections elicit neutrophilic responses 4, 5 . Furthermore, in contrast to allergen-induced wheezing, virusinduced wheezing illnesses respond incompletely to standard asthma therapy such as administration of bronchodilators and inhaled corticosteroids 6 . These observations highlight the need to understand better the pathogenesis of virus-induced wheezing and exacerbations of asthma and, consequently, to enable the development of new therapeutic approaches to these common illnesses.
Viruses and asthma development
Studies to determine the effect of viral infections on the development of asthma have yielded controversial and conflicting results. Collectively, however, the variability in the studies' results may be attributable to several factors, including the specific viral pathogen, the severity of the illness, the anatomical location of the illness and the age of the affected individual. The following sections 31 . Matutes, E. et al. Definition of acute biphenotypic leukemia. Haematologica 82, 64-66 (1997 The relationship between viral infections, wheezing illnesses and asthma is a close one in all age groups. It has long been appreciated that certain viral infections in infancy, for example those caused by respiratory syncytial virus (RSV), cause inflammation and obstruction of the small airways (bronchioles), which lead to coughing and wheezing. It has also been proposed that infants who contract RSV bronchiolitis are at an increased risk of developing asthma later in life. By contrast, recent epidemiological studies indicate that not all viral infections increase the risk of asthma and, in fact, some may actually reduce the risk of developing allergic diseases and asthma.
In older children and adults with established asthma, common colds, which are relatively mild illnesses for most people, can cause severe pulmonary problems. In fact, up to 80% of exacerbations of asthma in children and about half of such episodes in adults are caused by viral infections, most of which are attributable to rhinoviruses 1,2 .
This article will consider the relationship between viral infections, virus-induced inflammation, and the development and activity of asthma. The pathogenesis of asthma will be reviewed, and current concepts Do viruses protect against asthma? Some viral infections might actually protect against the development of allergies and asthma. This controversial idea, termed the 'hygiene hypothesis', was first suggested by David Strachan, who noted that the risk of developing allergies and asthma is inversely related to the number of children in the family 23 -a result that has been replicated in several subsequent studies 24 . This finding has led to speculation that infectious diseases, which are more likely to be transmitted in large families, could modulate the development of the immune system in such a way as to reduce the chances of developing allergies. This hypothesis implies that the immune system is skewed towards a T H 2-like response pattern at birth 25 . According to the theory, each viral infection would provide a stimulus for the development and/or activation of T H 1-like immune responses. The result of this repetitive stimulation would be to change the polarization of the T H system away from a T H 2 overexpression and thus reduce the risk of developing allergies (FIG. 3) .
Relationship of viral infections to wheezing illnesses and asthma
Some of the early reports suggesting that contracting a single infectious disease, such review data related to the positive and negative influences of viral infections on the development of asthma.
Do viruses increase the risk of developing asthma?
There is a close association between RSV infections and wheezing syndromes in infants. Although nearly all infants are infected with RSV during the first 3 years of life, only a subset of infants develop wheezing illnesses, and so other risk factors, including reduced pulmonary function 7, 8 and genetic factors 9 , are involved.
It has long been recognized that children who develop wheezing with RSV infection are at an increased risk of recurrent wheezing and possibly asthma, and it is interesting that childhood asthma and hospitalizations due to RSV infection have increased in prevalence over the past two decades 10, 11 . Most of the risk factors for developing asthma after bronchiolitis in infancy relate to other signs or indicators of allergy, such as atopic dermatitis, food allergy or allergic rhinitis [12] [13] [14] . Furthermore, there is evidence that certain patterns of immune response to the infection, including eosinophilic inflammation in airway secretions [15] [16] [17] , reduced interferon-γ (IFN-γ) production from peripheral blood mononuclear cells (PBMC) ex vivo 18 , and increased ex vivo PBMC IL-10 secretion during convalescence 19 , are associated with an increased risk of recurrent wheezing, and possibly asthma. In animal models of infection with a related paramyxovirus, episodic lower airway obstruction after Sendai virus infection has been related to reduced production of IFN-γ 20 , and it is likely that additional immunological risk factors for lower airway effects of respiratory virus infections in humans will be identified. Although lower airway infections with RSV seem to increase the risk of recurrent wheezing in childhood 21, 22 , this effect disappears by the age of 13 years 21 , indicating the increasing importance of other risk factors for asthma later on in childhood.
The key to understanding the relationship between viral infections in infancy, allergy (and the associated immune abnormalities) and asthma will be to determine the temporal sequence of these events and the interplay between existing gene-susceptibility factors and the introduction of the viral infection (FIG. 2) . Do severe viral infections in infancy affect the development of the immune system and so modify the subsequent risk of allergy or asthma, or are there pre-existing abnormalities in the lung or the immune response that cause more severe respiratory manifestations of viral NATURE REVIEWS | IMMUNOLOGY VOLUME 2 | FEBRUARY 2002 | Asthma is a complex and interactive process involving many cell types, mediators and target-organ responses. Furthermore, the process can involve a progression from acute events (a) such as allergen-induced activation of mast cells to release pro-inflammatory cytokines and mediators, leading to acute bronchoconstriction and airway obstruction, to chronic inflammation (b) characterized by activation of T helper (T H ) 2 cells and macrophages, and recruitment and degranulation of eosinophils. The changes in the airway cause not only airflow obstruction but also an increase in airway responsiveness. Finally, in some subjects, there is a further progression of the inflammatory changes towards airway remodelling (c). The remodelling changes can lead to permanent alterations in the airway architecture such that obstructive events are irreversible. IgE, immunoglobulin E; IL-4, interleukin 4; T H 1, T helper 1 cells; TNF-α, tumour necrosis factor α.
www.nature.com/reviews/immunol P E R S P E C T I V E S To begin to address these questions, studies have been performed using the techniques of bronchoscopy and experimental viral inoculation to determine pro-inflammatory effects of viral infections, and potential interactions between viral infections and existing airway inflammation in asthma. These investigations have shown that infections with rhinovirus can enhance both the immediate (histamine release) and late-phase (eosinophil recruitment) airway responses to allergen challenge 44, 45 . In addition, individuals with respiratory allergies may develop greater changes in airway responsiveness after experimental inoculation with rhinovirus 46 .
Other interactions between allergy and the effects of common cold infections in the lower airways have been observed in clinical studies involving infections occurring naturally. In these studies, risk factors for developing acute wheezing episodes were ascertained in children who presented to an emergency department 47 . Individual risk factors for developing wheezing included detection of a respiratory virus, most commonly rhinoviruses, positive allergen-specific immunoglobulin E as detected by radioallergosorbent testing (RAST), and either eosinophilia or evidence of eosinophil degranulation in nasal secretions. Remarkably, the presence of virus in nasal secretions and indications of allergy (eosinophilic inflammation or positive RAST testing) synergistically increased the odds ratio for wheezing (TABLE 1) . When considered together with findings from studies of experimental infection, these observations provide convincing evidence that people with either respiratory allergies or eosinophilic airway inflammation are at increased risk of the lower airway effects of viral infections.
Effects of virus-induced inflammation
The epithelial cell is a focal point in the pathogenesis of viral respiratory infections because it serves as the host cell for viral replication, and it can also initiate innate immune responses (FIG. 4) . Damage to the epithelial cells can disturb airway physiology through several different pathways. For example, epithelial oedema and shedding, together with mucus production, can cause airway obstruction and wheezing. The immune response to the virus, including cell recruitment and activation, and secretion of pro-inflammatory cytokines and mediators (for example, leukotrienes, kinins and prostenoids), can also contribute to the pathogenesis of respiratory infections. For viruses such as rhinoviruses, which infect relatively few cells in the airway, it may be the primary mechanism that causes airway symptoms and lower airway dysfunction 48, 49 . cold virus can produce severe wheezing 34 . In fact, hospitalization rates for asthma in a community parallel the prevalence of common colds 35 . In addition to rhinoviruses, several other viral respiratory infections (for example, seasonal infections with influenza, coronavirus or RSV) can also provoke acute asthma 2, 34, 35 .
Understanding how respiratory viruses such as RSV and influenza virus can affect lower airway physiology is reasonably straightforward because these organisms infect and injure lower airway tissues. The rhinovirus has traditionally been considered to be an upper airway pathogen, as early studies indicated that it replicates better at 33-35 °C than at body temperature, and its injurious effects on airway tissue are limited. However, whether it induces acute asthma by infecting lower airway tissues is controversial. Direct measurements, however, have shown that temperatures in the proximal lower airways are conducive to rhinovirus replication, and only exceed 35 °C in the periphery of the lung 36 . Moreover, rhinovirus seems to replicate equally well in cultured epithelial cells derived from either upper or lower airway epithelium 37 , and has been detected in lower airway cells and secretions after experimental inoculation 38, 39 . Finally, inoculation of healthy volunteers with rhinovirus produces lower airway inflammatory changes, including increases in neutrophils 40 , lymphocytes 41, 42 and intercellular adhesion molecule 1 (ICAM-1) 43 . In addition, rhinovirus infection has been found to cause small increases in lower airway eosinophils in some 40, 41 , but not all 42 , studies. Remaining areas of investigation include determining how much virus is present in the lower airway and establishing whether viral replication in the lower airway is a sufficient stimulus to provoke exacerbations of asthma.
as measles, can protect against allergies and asthma 26 have not been confirmed 27 . However, the hygiene hypothesis is supported by studies that show an inverse relationship between attendance at day care centres, where exposure to viral infections is quite high, and subsequent rates of allergy and asthma development 28 . However, it is not only the type of infection that is important, but also the route of exposure, as food-borne or enteric infections may have greater effects on allergy than respiratory infections 29 . Finally, it may not be the infections per se that are important, but rather exposure to microbes or microbial products in the environment. This concept is supported by the finding that exposure to a farming environment in early childhood, and/or having exposure to higher levels of lipopolysaccharide (LPS), is associated with reduced rates of allergy and asthma development [30] [31] [32] [33] , Collectively, these findings indicate that repeated exposure to common infectious diseases and prolonged exposure to microbial products may protect against the development of allergies and asthma. If this concept is confirmed, determining the relevant mechanisms involved could lead to an entirely new approach to the prevention of these common problems.
Viruses and exacerbations of asthma
Clinical studies conducted in children and adults with asthma have provided conclusive evidence that infections caused by respiratory viruses are important precipitants for acute episodes of airway obstruction and wheezing. In recent studies using reverse transcription polymerase chain reaction (RT-PCR)-based diagnostic assays, the rhinovirus has emerged as the most important cause of these acute episodes 1, 2 potent stimulus for anti-viral innate immune responses. dsRNA activates intracellular signalling proteins such as the dsRNA-dependent protein kinase (PKR) and 2′,5′-oligoadenylate synthase 55 . Activation of PKR has been linked to nuclear factor κB (NF-κB) activation, and the generation of pro-inflammatory and antiviral cytokines. Moreover, dsRNA activation of PKR induces antiviral activity through the generation of nitric oxide, inhibition of cellular translation and activation of RNase L [55] [56] [57] [58] . In turn, many viruses have evolved mechanisms to inhibit these pathways to increase the probability of viral replication 55 . So, host-cell recognition of dsRNA seems to be an important pathway for the initiation of multiple pro-inflammatory and antiviral pathways within the cell. Whether innate antiviral responses to viral infection are impaired in asthma is clearly of interest; however, it has not yet been determined.
, and infection with this common
Following the initial viral replication in epithelial cells, large amounts of virus are released into airway secretions and, presumably, into the surrounding lung tissues. At this point, it is likely that mononuclear cells are activated by high titres of virus to secrete pro-inflammatory cytokines such as IL-1, IL-8, tumour necrosis factor α (TNF-α) and IFN-γ [59] [60] [61] [62] . These cytokines can, in turn, activate other cells in the airway environment and are also potent inducers of adhesion molecule expression. Together with chemokines generated by epithelial cells, this response provides a potent stimulus for the recruitment of inflammatory cells, which consist principally of neutrophils and T cells.
It is likely that products of neutrophil activation contribute to the obstruction of the airways and cause lower airway symptoms, and this concept is supported by studies showing increased neutrophils in the lower airways of infants with recurrent wheezing 63, 64 . In clinical studies, the quantity of neutrophils, IL-8 or the neutrophil activation product myeloperoxidase are closely correlated with the severity of respiratory symptoms [65] [66] [67] . Evidence that activated neutrophils, through the release of the potent secretagogue elastase, can upregulate mucus secretion, is of particular interest 68 . Although viral infections generally do not cause marked increases in airway eosinophils, changes in eosinophil cationic protein, which can be released by activated eosinophils or neutrophils 69 , correlate with disturbed airway physiology 47, 70, 71 . These findings indicate that neutrophils, eosinophils and their activation products contribute to airway obstruction, virus-induced wheezing and exacerbations of asthma.
Virus-induced cytokine production and inflammatory cell activation are likely to be instrumental in the development of neurogenic inflammatory responses, and these combined factors may increase bronchoconstriction in response to allergens or irritants.
Viral replication can affect cell-surface receptors, resulting in the initiation of immune responses. For example, it has recently been shown that monocyte and macrophage cytokine responses to the RSV fusion (F) protein are mediated by Toll-like receptor 4 (TLR4) and CD14, and that TLR4-deficient mice have prolonged viral shedding 50 . These findings raise the possibility that the TLR family of receptors, which has previously been associated with innate immune responses to bacteria, also participate in antiviral responses. By contrast, binding of ultraviolet-inactivated virus to ICAM-1, the receptor for 90% of rhinoviruses, is a relatively weak epithelial cell stimulus 37, 51, 52 . In addition to effects on surface receptors, virus-induced oxidative stress may be an important stimulus for the production of chemokines 53, 54 .
Replication of single-stranded RNA viruses such as rhinoviruses, RSV and influenza virus leads to the production of double-stranded RNA (dsRNA), which is a NATURE REVIEWS | IMMUNOLOGY VOLUME 2 | FEBRUARY 2002 | 1 3 5 According to this theory, the immune system at birth is immature and is skewed towards T helper (T H ) 2-like cytokine production. Certain stimuli, such as infections with helminths or viruses (contracted from siblings or peers in day care centres), can help immunological development towards a healthy balance of T H 1 and T H 2-like cytokine responses. In the absence of these stimuli (that is, children who do not have contact with other children, or who live in relatively 'sterile' urban environments), the immature T H 2-like pattern of cytokine production persists, leading to an increased risk of asthma and other atopic diseases. LPS, lipopolysaccharide.
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www.nature.com/reviews/immunol P E R S P E C T I V E S hypothesis indicate that exposure to microbial products, and not infections themselves, may have the greatest effects on immune system development and protection from allergies and asthma. Our current understanding of the pathogenesis of virus-induced wheezing and asthma indicates that there are several opportunities for the development of new treatment strategies. The first possibility is either to prevent viral infections or use antiviral medicines to treat infections at the onset of the illness. Obviously, vaccination against influenza has proven to be cost-effective, albeit underused, and RSV is a prime target for vaccine development because of the unintended effect of disturbing immune system development to promote allergy and asthma? This is unlikely because the most compelling data to support the hygiene Lymphocytes are recruited into the upper and lower airways during the early stages of a viral respiratory infection, and innate and adaptive immune responses may limit the extent of infection and clear virus-infected epithelial cells. This is consistent with reports of severe viral respiratory infections in immunocompromised patients 72 .
In animal models of respiratory viral infection, cellular immune responses and patterns of cytokine production clearly relate to the outcome of respiratory infections. This same concept has been tested in rhinovirus infections in humans. Responses of peripheral blood mononuclear cells to virus in vitro were assessed in a group of volunteers, who were then inoculated with rhinovirus 16 (RV16) 59 . Volunteers who had strong IFN-γ responses to virus shed less virus during the peak of the cold. Moreover, an evaluation of cytokine patterns (IFN-γ /IL-5 mRNA ratio) in sputum during the acute illness revealed that volunteers with a stronger T H 1 response tended to have reduced symptom scores and more rapid viral clearance 65 . Similarly, during naturally acquired influenza infections, high IFN-γ concentrations in nasal secretions at the time of diagnosis are associated with a greater reduction in viral shedding on the following day 73 . Collectively, these findings indicate that the virus-induced cellular immune response, and IFN-γ production in particular, may influence the clinical and virological outcomes of respiratory viral infections.
Summary and therapeutic implications
Viral infections are a major cause of wheezing and exacerbations of asthma in all age groups and, unfortunately, current treatment options are not very effective, impractical due to high cost or have significant side-effects. The close epidemiological relationship between viral infections and wheezing indicates that more effective therapeutic strategies -either to prevent certain viral infections or moderate the severity of these infections -could have a major influence on the prevention or management of asthma. If children are too 'healthy' in infancy, however, will this have the considerable morbidity and mortality associated with RSV infections. In addition to active vaccination, passive infusion of neutralizing monoclonal antibody to RSV (palivizumab) is used to prevent severe infections in highrisk infants 74 , although this costly therapy is not practical for general use. Conceptually, antiviral agents could be used to treat viral infections early in the course of the illness to prevent wheezing and pulmonary complications. The problem with this approach is that, once viral respiratory infections are recognized, much of the viral replication has already occurred and, consequently, there is likely to be a limited potential for antiviral agents to affect the course of the illness. Thus, neuramidase inhibitors, which have potent antiviral activity in vitro, have only modest effects on clinical influenza, and are only effective if used early in the course of the illness 75 . The neuramidase inhibitors are most effective when given prophylactically, and they have been shown to prevent ~80% of clinically apparent cases of the flu 76 . Although this approach has no advantage over the less costly alternative of immunizing for the prevention of influenza, vaccination for rhinoviruses is not feasible due to the large number of serotypes. Therefore, the prophylactic use of an antiviral medication may be a reasonable strategy for preventing asthma exacerbations in affected individuals.
Several antiviral agents have been developed for the treatment of rhinovirus infection, including soluble ICAM-1 and capsidbinding agents, which either hinder rhinovirus binding to cellular receptors or inhibit uncoating of the virus to release RNA inside the cell 77, 78 . In addition, inhibitors of rhinovirus 3C protease reduce rhinovirus replication in vitro 79 . Some of these compounds have been tested in clinical trials and have shown antiviral activity.
Another potential therapeutic approach to respiratory viral infections in asthma is to inhibit pro-inflammatory immune responses induced by the virus, either by targeting specific signalling pathways or pro-inflammatory cytokines or mediators. In fact, this approach has proven to be effective, as systemic administration of glucocorticoids at the first sign of a cold can reduce acute airway obstruction and the risk of hospitalization for acute exacerbations of asthma 80 . It should be noted that oral corticosteroids are ineffective at reducing wheezing caused by RSV infection in infants, indicating that there are differences in the pathogenesis of these two clinical syndromes. New findings regarding the immunopathogenesis of viral respiratory illnesses indicate that it may be possible to inhibit virus-induced immune responses that are pro-inflammatory, without blocking antiviral effectors, such as IFN secretion and CD8 + T-cell-mediated responses, which are needed to clear the virus infection. Although evidence of a cause-and-effect relationship between specific cells or mediators and viral respiratory illness is at present circumstantial, viral induction of IL-8 and neutrophilic inflammation has been most closely associated with clinical symptoms, making this pathway a promising therapeutic target. In the absence of a valid animal model for rhinovirus-induced exacerbations of asthma, testing this hypothesis awaits the development of inhibitors of IL-8 and other proinflammatory pathways that are suitable for human clinical trials.
Asthma is clearly a complex collection of clinical phenotypes that have in common the propensity to develop acute episodes of airway obstruction and wheezing. This concept is supported by genetic studies, which have provided compelling evidence that as many as 20 genes may be involved in conferring increased risk of asthma 81 . Given the clinical and genetic diversity of this disorder, it is likely that viral respiratory infections in infancy and later in life could produce different effects depending on the genetic and environmental factors that led to the disease. Current and future studies to identify the functional significance of gene-by-environment interactions are likely to yield new insights into the relationship between viral infections, wheezing and asthma.
